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Abstract

Quantum Coherence and Energy Landscapes in Photosynthetic Systems
Investigated with Two-Dimensional Electronic Spectroscopy

by
Tessa Rae Calhoun
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Graham R. Fleming, Chair

Two-dimensional (2D) electronic spectroscopy has recently emerged as a powerful
technique for the study of complex photodynamics in a variety of condensed phase
systems. The application of this technique to both photosynthetic pigment-protein
complexes and chromophore solutions has provided insight into their intricate excita-
tion energy transfer mechanisms and landscapes. Analysis of beating peak amplitudes
in 2D spectra of the Fenna-Matthews-Olson bacteriochlorophyll complex combined
with changing lineshapes has revealed signals consistent with excitonic coherence. In
addition, the long lifetime of the coherence indicates a reversible, wavelike motion
of energy through the complex as opposed to the classical hopping picture. This
quantum-mechanical behavior may explain the near unity quantum efficiency of exci-
tation energy transfer observed in networks of photosynthetic complexes. The inclu-
sion of a noncollinear optical parametric amplifier producing broad bandwidth pulses
enables the exploration of excitonic coherence in Light Harvesting Complex II, the
most abundant antenna complex in higher plants. Long-lived quantum coherence
is again observed suggesting this to be a universal phenomenon in natural photo-
synthetic systems. To expand upon these findings, a coherence power spectrum is
produced. This novel technique allows the first direct experimental determination of
the excitonic energy levels. In another set of experiments, the building an adaptive,
pulse-shaping apparatus allows optimal compression of the broad bandwidth pulses
for use in probing the debated electronic structure of f-carotene. Oscillating line-
shapes reveal coupling of electronic states to high energy vibrational modes while the
short pulses allow the initial dynamics of this system to be studied in unprecedented
detail revealing several new features whose origins are still under investigation.



For my family,
ad astra per aspera



i

Contents

List of Figures iv
List of Tables viii
Curriculum Vitae X
1 Introduction 1
1.1 Photosynthetic Systems . . . . . .. .. ..o 1
1.1.1  Structure . . . . . . . . .. 1
1.1.2  Energy Transfer . . . . . . . . . ... ... ... 4
1.2 Two-Dimensional Electronic Spectroscopy . . . . .. ... ... ... )
1.3 Experiments . . . . . . . ... 6
1.3.1 Excitonic Coherence . . . . . . . . . . .. ... ........ 6
1.3.2  Electronic Structure of Carotenoids . . . . . . . . . ... ... 8
1.4 Conclusions . . . . . . . . 8
2 Experimental Techniques 10
2.1 Introduction . . . . . . . . . . ... 10
2.2 NOPA . . . . 10
2.3 Compression . . . . . ... 12
2.4 Pulse Characterization . . . . . . . . . . . . . ... ... 17
2.5 Final Remarks. . . . . . . . . .. 18

3 Evidence for wavelike energy transfer through quantum coherence
in photosynthetic systems 19
3.1 Introduction . . . . . . . . . . . e 20
3.2 Methods . . . . . . . 21
3.2.1 Sample Preparation . . . . . . .. ... ... 21
3.2.2 Data Acquisition . . . . ... oo 21
3.2.3 Data Modeling . . ... ... ... .. 21
3.3 Results. . . . . . . e 22
3.4 Discussion . . . . . ... 25



il

3.5 Conclusions . . . . . . . 28

Quantum Coherence Enabled Determination of the Energy Land-

scape in Light-Harvesting Complex II 29
4.1 Introduction . . . . . . . . . . . 29
4.2 Methods . . . . . . . 30
4.2.1 Sample Preparation . . . . . . .. .. ... ... .. ... ... 30
4.2.2 2D Electronic Spectroscopy . . . . . . ... ... 30
4.2.3 Simulations . . . . .. ... 31
4.3 Results and Discussion . . . . . . . . . ... ... 33
4.4 Conclusions . . . . . . . . . . 38

Vibrationally-Mediated Dynamics in S-carotene Probed with Broad-

band 2D Electronic Spectroscopy 40
5.1 Introduction . . . . . . . .. ... 40
52 Methods . . . . . . . 40
5.3 Results and Discussion . . . . . . . . ... .. ... ... 41
5.3.1 Long Time Dynamics . . . . . . . . .. ... ... ... ... 41
5.3.2  Short Time Dynamics . . . . . . .. ... .. ... ...... 43

5.4 Conclusions . . . . . . . 47



List of Figures

1.1

1.2

1.3
1.4

1.5

1.6

2.1

2.2

2.3

Crystal structures photosynthetic pigment-protein complexes that have

exhibited excitonic coherence: (a) bacterial reaction center,*® (b) FMO,>®

(¢) LHCIL®O () PES45. WM . o 0o oo
Molecular structures of common porphyrin-based photosynthetic pig-
ments. The R group is a long hydrocarbon, phytyl chain. )‘Q denotes

the absorption maximum of the Q, transition in diethyl ether.'®

Molecular structures of carotenoids. . . . . . . ... ... ... ...
Left Pulse geometry and timing used in 2D electronic spectroscopy
experiments. Right Model 2D relaxation spectrum of a dimer system
exhibiting a positive cross peak below the diagonal from population
relaxation and a negative cross peak above the diagonal from excited
state absorption. . . . . . .. ..
Schematic of the adiabatic potential energy surfaces for the electronic
states of a dimer in the presence of two phonon coordinates (¢; and ¢»)
fluctuating with positive and negative correlation.® . . . . . . . . ..
Simplified three state energy level diagram describing a carotenoid
molecule with the lifetimes given for S-carotene. The symmetries given
in parentheses assume an idealized Cy, point group. . . . . . . . . ..

Schematic of the two-pass, visible NOPA. P1 and P2 compress the seed
pulse prior to amplification. W is a pair of glass windows at Brewster’s
angle to stretch the pump pulse while P3 results in angular dispersion
of the pump beam for increased overlap. . . . . . . .. ... .. ...
Example spectra produced by the NOPA in Fig. 2.1. The green spec-
trum was generated by a single pass in the NOPA and is centered at
550 nm with a FWHM of 70 nm. The red spectrum was generated
using both passes through the NOPA crystal and is centered at 640
nm with a FWHM of 80 nm. . . . . . ... .. ... ... .......
Picture of the SLM-based pulse compression apparatus. . . . . . . . .

v



2.4

2.5

2.6

3.1

3.2

3.3

(a) SLM display of a phase to be applied on a beam that is spectrally-
dispersed horizontally. (b) SLM display of a vertical grating for diffrac-
tion optimized in the +1 direction. (¢) SLM display for pulse compres-
sion in a diffraction-based configuration (a+b). . . . .. ... .. ..
CCD image of spectrally-resolved beam after the SLM in reflective
mode. (top panel) No phase applied across SLM (bottom panel) Ap-
plying phase across the SLM causes modulator replicas which appear
as diffraction of frequencies at 0 to 27 transitions. . . . . . . . .. ..
Experimental TG-FROG scans of the green NOPA spectrum in Fig.
2.2. (top panel) The pulse with no phase applied from the SLM displays
long red and blue tails indicative of cubic phase. (bottom panel) The
same pulse as above, but compressed to 12 fs with the SLM. . . . . .

Selected two-dimensional electronic spectra of FMO are shown at wait-
ing times from 7" = 0 to 600 fs demonstrating the emergence of the
exciton 1-3 cross-peak (white arrows), amplitude oscillation of the exci-
ton 1 diagonal peak (black arrows), the change in lowest-energy exciton
peak shape and the oscillation of the 1-3 cross-peak amplitude. The
data are shown with an arcsinh coloration to highlight smaller fea-
tures: amplitude increases from blue to white (for a three-dimensional
representation of the coloration see Fig. 3.4a). . . . . . . .. ... ..
(a) A representative two-dimensional electronic spectrum with a line
across the main diagonal peak. The amplitude along this diagonal
line is plotted as a function of waiting time in (b) with a black line
covering the exciton 1 peak amplitude; the data are scaled by a smooth
function effectively normalizing the data without affecting oscillations.
A spline interpolation is used to connect the spectra; the times at which
spectra were taken are denoted by tick marks along the time axis. (c)
The amplitude of the peak corresponding to exciton 1 shown with a
dotted Fourier interpolation. (d) The power spectrum of the Fourier
interpolation in (c) is plotted with the theoretical spectrum showing
beats between exciton 1 and excitons 2-7.. . . . . . ... ... ..
Beating Patterns Throughout the 2D Spectrum: A representative 2D
spectrum (7' = 510) is colored with an arcsinh scale to highlight the
small cross-peak features. The black lines rising out of the spectrum
show interpolations of the raw (unscaled) beating patterns at those
locations from waiting times 7'=0to T = 660 fs. The power spectrum
of each interpolation is shown in the corresponding graph with the
expected exciton line spectra overlaid. For cross-peaks, the expected
dominant beat frequency is showninred. . . . . . . .. .. ... ...

15

16

17

23

24



3.4

3.5

4.1

4.2

4.3

4.4

The anticorrelation shown in the inset plot between the amplitude of
the diagonal exciton peak (black line) and the ratio of the diagonal to
anti-diagonal widths of the peak (red lines) is a characteristic predicted
from theory for exciton quantum beating.?® This pattern would not
arise from phonon coupling and highlights the change in integrated
line strength associated with quantum beating. . . . . . . . .. . ...
(a) The raw amplitude of the exciton 1-3 cross-peak, with a Fourier
interpolation of the points (dotted line). (b) The power spectrum of
this interpolation (dotted line), the exciton beating line spectra of both
excitons 1 and 3 (black), and the 1-3 beat frequency (red). We expect
that the other frequencies may couple to this cross-peak but that the
dominant frequency corresponds to the red transition. The apparent
low-frequency peak is due to the growth of the cross-peak amplitude
and appears as a peak because the data were demeaned (mean sub-
tracted from the data) before the transform to improve numerical ac-
curacy, pinning the zero frequency component to zero. . . . . . . . ..

(a) Chlorophyll arrangement in LHCII trimer with Chla and Chlb
shown in green and blue, respectively.34 () Linear absorption spectrum
of LHCIT trimers at 77 K. Red sticks indicate the exciton energies de-
termined in this experiment while black sticks are previously predicted
values.™ ..
(a) The real part of a representative 2D relaxation spectrum for 7" =
250 fs. (b) The real part of the nonrephasing 2D spectrum for 7" =
250 fs. (¢) The amplitude of the diagonal cut of the nonrephasing 2D
spectra as a function of waiting time. For the purposes of presenta-
tion, a cubic spline interpolation connects the data points that were
acquired in 10 fs increments. For (a)-(c¢), amplitude increases from
purple (negative) to white (positive). . . . . .. .. ...
The real parts of selected 2D nonrephasing spectra of LHCII are shown
for waiting times between 7' = 0 fs and 7" = 500 fs to illustrate quantum
beating of the diagonal features. The high energy Chla peak (white
arrows) can be seen in different stages of oscillations throughout the
duration of the experiment. All spectra are shown normalized to their
maximum value. . . . .. ..o
Power spectra of quantum beating in LHCII constructed from exper-
imental 2D data (a) and theoretical simulations from the new model
(b) and the model in ref. 75 (c¢) as described in the text. The beat
frequency axis begins at 50 cm™! to remove the strong DC component
and contours are placed at 5% intervals. The boxes indicate the regions
examined in detail in Fig. 4.5. . . . . .. ...

vi

26

27

32

33

34

35



4.5

5.1

5.2

5.3

5.4

5.9

The boxed Chla regions of the power spectra in Fig. 4.4. The circled
peak and arrow highlight features discussed in the text. . . . . . . ..

Representative real 2D (a) relaxation, (b) rephasing, and (c¢) non-
rephasing spectra for f-carotene in 2-mTHF at long times (7=325
fs). The feature in the boxed region exhibits a lineshape characteristic
of coupling to a high energy vibrational mode. The black arrow points
to a cross peak near the diagonal that arises from the nonrephasing sig-
nal. Amplitude increases from purple (negative) through blue (zero)
to white (positive). . . . . . . ..
Cuts of the real 2D rephasing spectra for A{=555 nm showing the
oscillating phase of the lineshape of the transition in the boxed region
in Fig. 5.1. . . o
Representative spectra of the short time dynamics observed for (left)
relaxation, (middle) rephasing, and (right) nonrephasing signals from
f-carotene in 2-mTHF. The white and black arrows highlight non-
rephasing features discussed in the text while the dynamics in the
boxed region are presented in Fig. 5.4. . . . ... ... ..
Integrated regions of 2D spectra indicated by the box in Fig. 5.3 show-
ing clear beating in the amplitude of the rephasing cross peak. . . . .
Representative imaginary, nonrephasing 2D spectra. The white and
black arrows are in the same location as those in Fig. 5.3 and highlight
the irreversible change in lineshape observed for both features. . . . .

vii



viil

List of Tables

2.1 Sign of dispersion from common optical components . . . . . . . . .. 13

4.1 Exciton energies determined from the 2D electronic spectroscopy ex-
periment compared with those calculated from previous models . . . 37



1X

Acknowledgments

It has been impossible to compile this body of work without fully appreciating all
who were involved in making this thesis possible. I first would like to thank my
advisor, Graham R. Fleming. Graham provided me with countless opportunities over
the years and capitalized on my need for deadlines but was always patient when it
mattered.

To all of my fellow Flemingites old and new; there isn’t one person who I didn’t
bother with questions over the years which always resulted in enlightening discussions.
I would especially like to thank Greg Engel who took me under his wing from the
beginning and mentored me throughout my entire graduate career. Also to the rest
of the “room 2 crew” including Donatas Zigmantas, Elizabeth Read, Tae-Kyu Ahn,
Gabriela Schlau-Cohen, Naomi Ginsberg, and Matt Graham, and the brilliant and
patient theorists, Tomas Mancal, Yuan-Chung Cheng, and Akihito Ishizaki, I was so
lucky to work with. Jahan Dawlaty and Doran Bennett were extremely helpful in all
things SLM related. I would also like to thank Nancy and Tiff, the true jack-of-all-
trades, who made it possible to just focus on the science.

All of the work presented here was only possible through numerous collaborations.
Bob Blankenship, Roberto Bassi, and Matteo Ballottari not only provided sample,
but visited the lab contributing valuable insight with their expertise. Jeff Davis spent
months visiting from Australia to help tackle S-carotene with 2D; a struggle that still
continues now via Skype. I would also like to thank Jake Petrich who started me on
the path of physical chemistry and informed me that I was absolutely going to apply
to Berkeley as he had already told Graham of my “disrespect of authority” (I hope I
lived up to this glowing recommendation).

Outside of the lab, my family’s endless support carried me from day to day.
Somehow between classes, teaching, qualifying exams, and experiments, or maybe
because of them, I was also lucky enough to find the love of my life during graduate
school. Benjamin Doughty was, and still is, my anchor. I do not know how I would’ve
made it through this without him beside me. Last but certainly not least, I would
like to thank George Holinga, a great listener and friend, and Greg Dalligner, my
original homework buddy and usher extraordinaire.



DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY
B77 HILDEBRAND HALL, BERKELEY, CA 94720
510.421.0060 e TCALHOUN@BERKELEY.EDU

TESSA R. CALHOUN

RESEARCH INTERESTS

e Structure-function relationships in natural systems
e Optics and development of advanced spectroscopic techniques
e Ultrafast phenomena

EDucATION

Ph. D. Physical Chemistry, University of California, Berkeley, December 2010
B. S. Chemistry (with distinction), lowa State University, May 2005

RESEARCH EXPERIENCE

University of California, Department of Chemistry, Berkeley, CA
Lawrence Berkeley National Laboratory, Physical Biosciences Division
Adwisor: Graham R. Fleming
6/2005-12/2010:
Investigation of photosynthetic systems with two-dimensional electronic spec-
troscopy:
e Discovered quantum excitonic coherence in Fenna-Matthews-Olsen pig-
ment protein complex
e Determined electronic structure of Light Harvesting Complex II through
the study of quantum excitonic coherence
e Construction of SLM-based pulse shaper
e Studied electronic structure and nonadiabatic dynamics in the carotenoid,
[-carotene

Iowa State University, Department of Chemistry, Ames, TA
Aduwvisor: Jacob W. Petrich
3/2003-5/2005:
e Investigation of solvation dynamics of room-temperature ionic liquids with
absorption, fluorescence, and time-correlated single-photon counting spec-
troscopies

Ames Laboratory, Ames, TA
Center for Sustainable Environmental Technologies
Advisor: Maohong Fan

8/2002-3/2003:



X1

e Synthesis of ferric(VI)sulfate complex for water purification

1/2002-5/2002:

e Analysis of polymers created from coal fly ash via various titration tech-
niques

North Dakota State University, Department of Chemistry, Fargo, ND
Advisor: Seth C. Rasmussen
6/2002-8,/2002:
National Science Foundation Research Experience for Undergraduates Pro-
gram
e Attempted synthesis of the conjugated polymer 2,3-Dimethylpyrrolo[3,4-
b|pyrazine
6/2000-3/2001:
e Synthesis, purification, and characterization of 2,3-Didodecyl- and 2,3-
Didecylthieno|[3,4-b]pyrazines for conjugated polymer development

PUBLICATIONS

T. R. Calhoun and G. R. Fleming. “Quantum coherence in photosynthetic com-
plexes”. Phys. Stat. Sol. b (in press).

G. S. Schlau-Cohen, T. R. Calhoun, N. S. Ginsberg, M. Ballottari, R. Bassi, and
G. R. Fleming. “Spectroscopic elucidation of uncoupled transition energies in the
major photosynthetic light-harvesting complex, LHCIL,” Proc. Natl. Acad. Sci. USA
2010, 107, 13276-13281.

A. Ishizaki, T. R. Calhoun, G. S. Schlau-Cohen, and G. R. Fleming. “Quantum
coherence and its interplay with protein dynamics in photosynthetic electronic
energy transfer,” Phys. Chem. Chem. Phys. 2010 (cover article), 12, 7319-
7337.

T. R. Calhoun, N. S. Ginsberg, G. S. Schlau-Cohen, Y.-C. Cheng, M. Ballottari,
R. Bassi, and G. R. Fleming. “Quantum coherence enabled determined of the
energy landscape in Light Harvesting Complex I1,” J. Phys. Chem. B 2009 (cover
article), 113, 16291-16295.

G. S. Schlau-Cohen, T. R. Calhoun, N. S. Ginsberg, E. L. Read, M. Ballottari,
R. Bassi, and G. R. Fleming. “Mapping pathways of energy flow in LHCII with
two-dimensional electronic spectroscopy,” J. Phys. Chem. B 2009, 113, 15352—
15363.

T. Mancal, L. Valkunas, E. L. Read, G. S. Engel, T. R. Calhoun, and G. R. Flem-
ing. “Electronic coherence transfer in photosynthetic complexes and its signature
in optical spectroscopy,” Spectroscopy—An International Journal 2008, 22, 199—
211.




xii

E. L Read, G. S. Engel, T. R. Calhoun, T. Mancal, T. K. Ahn, R. E. Blankenship,
and G. R. Fleming. “Cross-peak specific two-dimensional electronic spectroscopy,”
Proc. Natl. Acad. Sci. USA 2007, 104, 14203-14208.

G. S. Engel, T. R. Calhoun, E. L. Read, T. K. Ahn, T. Mancal, Y.-C. Cheng,
R. E. Blankenship, and G. R. Fleming. “Evidence for wavelike energy transfer
through quantum coherence in photosynthetic systems,” Nature 2007, 446, 782—
786.

P. K. Chowdhury, M. Halder, L. Sanders, T. Calhoun, J. L. Anderson, D. W. Arm-
strong, X. Song, and J. W. Petrich. “Dynamic solvation in room-temperature ionic
liquids,” J. Phys. Chem. B 2004, 108, 10245-10255.

D. D. Kenning, K. A. Mitchell, T. R. Calhoun, M. R. Funfar, D. J. Sattler, and
S. C. Rasmussen. “Thieno[3,4-b|pyrazines: synthesis, structure, and reactivity,”
J. Org. Chem. 2002, 67, 9073-9076.

PRESENTATIONS

Invited Speaker: “Quantum Coherence in Photosynthetic Complexes,” Interna-
tional Workshop on Nonlinear Optics and Excitation Kinetics in Semiconductors,
Paderborn, Germany, August 2010.

Oral Presentation: “Vibrationally-Mediated Dynamics in $-Carotene Probed
with Broadband 2D Electronic Spectroscopy,” XVII International Conference on
Ultrafast Phenomena, Snowmass, CO, July 2010.

Invited Speaker: “Excitonic Coherence in LHCII,” Federation of Analytical
Chemistry and Spectroscopy Societies Conference, Louisville, KY, October 20009.

Invited Speaker: “Excitonic Coherence in LHCII,” American Physical Society
March Meeting, Pittsburgh, PA, March 2009.

Oral Presentation: “Observation of Quantum Coherence in Light Harvest-
ing Complex II by Two-Dimensional Electronic Spectroscopy,” XVI International
Conference on Ultrafast Phenomena, Stresa, Italy, June 2008.

Poster Presentation: “Dynamic Solvation in Room Temperature lonic Liqg-
uids,” 229" American Chemical Society National Meeting, San Diego, CA, March
2005.



xiil

PROCEEDINGS

G. S. Schlau-Cohen, T. R. Calhoun, N. S. Ginsberg, M. Ballottari, R. Bassi and
G. R. Fleming. “Elucidation of electronic structure and quantum coherence in
LHCII with polarized 2D spectroscopy,” in Ultrafast Phenomena XVII: Proceed-
ings of the 17" International Conference; Springer Series in Chemical Physics,
accepted.

T. R. Calhoun, J. A. Davis, M. W. Graham, and G. R. Fleming. “Vibrationally-
mediated dynamics in [-carotene probed with broadband 2D electronic spec-
troscopy,” in Ultrafast Phenomena XVII: Proceedings of the 17" International
Conference; Springer Series in Chemical Physics, accepted.

M. W. Graham, T. R. Calhoun, A. Green, M. C. Hersam, and G. R. Fleming.
“T'wo-dimensional electronic spectroscopy of semiconducting single-walled carbon
nanotubes,” in Ultrafast Phenomena XVII: Proceedings of the 17" International
Conference; Springer Series in Chemical Physics, accepted.

T. R. Calhoun, N. S. Ginsberg, G. S. Schlau-Cohen, Y.-C. Cheng, M. Ballot-
tari, R. Bassi, and G. R. Fleming. “Observation of quantum coherence in Light-
Harvesting Complex II by two-dimensional electronic spectroscopy,” in Ultrafast
Phenomena X VI: Proceedings of the 16" International Conference (eds. P. Corkum,
S. De Silvestri, K. A. Nelson, E. Riedle, and R. W. Schoenlein); Springer: Berlin,
2009, 406-408.

G. S. Schlau-Cohen, T. R. Calhoun, G. S. Engel, E. L. Read, N. S. Ginsberg,
D. Zigmantas, R. Bassi, and G. R. Fleming. “Mapping parallel pathways of en-
ergy flow in LHCII with broadband 2D electronic spectroscopy,” in Ultrafast Phe-
nomena XVI: Proceedings of the 16" International Conference (eds. P. Corkum,
S. De Silvestri, K. A. Nelson, E. Riedle, and R. W. Schoenlein); Springer: Berlin,
2009, 598-600.

G. S. Engel, E. L. Read, T. R. Calhoun, T. K. Ahn, T. Mancal, R. E. Blankenship,
and G. R. Fleming. “Two dimensional Fourier transform electronic spectroscopy:
evolution of cross peaks in the Fenna-Matthews-Olson complex,” in Ultrafast Phe-

nomena XV: Proceedings of the 15" International Conference (eds. P. Corkum,
D. Jonas, K. J. D. Miller, and A. M. Weiner); Springer: Berlin, 2007, 392-394.

LABORATORY EXPERIENCE

e Optical Instrumentation: home-built Ti:Sapphire oscillator and regenerative
amplifier laser systems, non-collinear optical parametric amplifier (NOPA), spa-
tial light modulator (SLM)-based 4-f pulse shaper, 2D electronic spectroscopy

e Proficient in MATLAB and LabVIEW



Xiv

e Contributed research ideas and aided in the preparation of several grant pro-

posals including DOE, NSF, SISGR, and DARPA

HoNORS

e 2004 Barry M. Goldwater Scholar
e Member of Phi Beta Kappa

TEACHING EXPERIENCE

Head Graduate Student Instructor, 9/2007-12/2007:
General Chemistry and Quantitative Analysis I, University of California, Berkeley
Instructor: Richard J. Saykally

Graduate Student Instructor, 1/2007-5/2007:
General Chemistry II, University of California, Berkeley
Instructor: Richard J. Saykally

Graduate Student Instructor, 9/2005-12/2005:
General Chemistry I, University of California, Berkeley
Instructor: Richard J. Saykally

Teaching Assistant, 9/2003-12/2003:
General Chemistry I for Chemistry Majors, Iowa State University
Instructor: Jacob W. Petrich

REFERENCES

Prof. Graham R. Fleming
Melvin Calvin Distinguished Professor of Chemistry
Vice Chancellor of Research, University of California, Berkeley

Lawrence Berkeley National Laboratory, Physical Biosciences Division
510.643.2735 e fleming@cchem.berkeley.edu

Prof. Richard J. Saykally

Professor of Chemistry

University of California, Berkeley
510.642.8269 e saykally@berkeley.edu

Prof. Jacob W. Petrich
Chair and Professor of Chemistry

lowa State University
515.294.9422 e jwpQiastate.edu



Chapter 1

Introduction

The ability to harvest and utilize energy from the sun has been perfected by na-
ture to sustain life for organisms ranging from towering redwood trees to microscopic
bacteria. In all of these systems, success hinges on efficient energy transfer through
highly engineered networks of pigment-protein complexes. These networks are exten-
sive, requiring the transfer of excitation energy from antennae complexes, where light
energy is absorbed, to reaction centers, where the excitation is converted into chem-
ical energy. Such performance is not currently possible in artificial photosynthetic
systems. A direct comparison can be made to the internal quantum efficiency in or-
ganic semiconductors! which is limited by relatively small exciton diffusion lengths
of ~5 nm.? Natural photosynthesis, however, maintains nearly 100% quantum effi-
ciency over length scales of ~20-100 nm.? As such, the energy landscapes in natural
photosynthetic systems and mechanisms by which energy traverses through them is
an active area of research.

1.1 Photosynthetic Systems

1.1.1 Structure

The structures of pigment-protein complexes revealed by X-ray crystallography
has significantly enhanced our understanding of photosynthetic systems. While struc-
tures of reaction centers are generally similar between different organisms, those of
light-harvesting antennae vary greatly. Figure 1.1 shows the structures for a vari-
ety of photosynthetic complexes including the reaction center for purple bacteria,*
the Fenna-Matthews Complex (FMO) from green sulfur bacteria,® Light Harvesting
Complex IT (LHCII) from higher plants,® and phycoerythin 545 (PE545) from ma-
rine algae.” With the exception of the bacterial reaction center in Fig. 1.1a, these
seemingly different complexes all perform the same general function of absorbing and
transferring energy. In addition, all of these complexes have experimentally exhibited
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long-lived quantum coherence® 1! as will be discussed in more detail for FMO and

LHCII below and in Chapters 3 and 4, respectively.

Despite their many structural differences, all of the complexes in Fig. 1.1 contain
a dense packing of chromophores held in a precise configuration by the surrounding
protein. As opposed to the common synthetic approach of using different molecules
for donor and acceptor, nature relies on small subsets of similar molecules (Figs. 1.2
and 1.3) and carefully tunes their electronic properties to perform a variety of different
functions. This results in broad absorption bands, which are beneficial for maximizing
light absorption, but also causes complex energy landscapes making analysis of these
systems difficult. The array of electronic structures is achieved through the use of
three key mechanisms:

S
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Figure 1.1: Crystal structures photosynthetic pigment-protein complexes that have
exhibited excitonic coherence: (a) bacterial reaction center,®® (b) FMO,>® (c)
LHCIIL%1 (d) PE545.%!

Chromophores. The first, and most obvious, method to manipulate the properties
of a chromophore for a specific function is to change the molecule itself. Figure 1.2
gives the chemical structures for some of the chromophore molecules present in the
complexes in Fig. 1.1. The majority of chromophores in all photosynthetic complexes
are porphyrin-based and can be described by a “four orbital” model generating the
two lowest energy singlet excitations aligned along orthogonal axes of the ring, Q,
and Q,.'? Focusing on the ground and HOMO-LUMO (Q,) transition can reduce the
description to a simple 2-level system. Slight alterations of the substituent groups
on the main ring gives rise to the differences between bacteriochlorophyll (BChl), in
which the Q, excitation is in the near-IR, and chlorophyll (Chl) which absorbs in the
visible.'® Smaller variations result in different types of (B)Chl (ie. Chla and Chlb)
shifting the electronic excitations by tens of nanometers. '* Removing the metal center
from (bacterio)chlorophylls gives rise to (bacterio)pheophytins which are often found
in reaction centers where they play a key role in electron transfer. Also shown is a
bilin pigment which appears as an opened pheophytin ring but is often found in a
linear conformation and is the only type of photosynthetic chromophore covalently
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Figure 1.2: Molecular structures of common porphyrin-based photosynthetic pig-
ments. The R group is a long hydrocarbon, phytyl chain. )\Q denotes the absorption
Y

maximum of the Q, transition in diethyl ether.'?

bound to the protein.!? All of these molecules absorb and transfer energy in the initial
steps of photosynthesis.

While porphyrin-based molecules are the most common light harvesting chro-
mophores in nature, carotenoids are the second most common pigment class with
functions ranging from light harvesting to photoprotection and structure. Figure 1.3
shows three different carotenoids that exist in photosynthetic complexes. Their elec-
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Figure 1.3: Molecular structures of carotenoids.
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tronic properties are dominated by the long conjugated backbone and variations in
its length result in the largest differences between carotenoids. For example, lycopene
with a conjugation length, n, of 11 absorbs at 503 nm while neurosporene (n = 9) ab-
sorbs at 470 nm in the same solvent.'* The electronic structure of these chromophores
will be discussed in more detail below.

Environment. From Fig. 1.1 it is clear that the chromophores are in close proximity
to the surrounding protein. The protein matrix is an inhomogenous environment in
which each chromophore experiences unique pigment-protein interactions dependent
on its specific position or “site”. Shifting of the chromophores’ electronic transitions
to lower energies can arise through hydrogen bonding interactions or electrochromic
effects from nearby amino acids.'® As an example, the FMO complex (Fig. 1.1b)
contains 7 identical BChl molecules, but their site energies range from 790-820 nm
due to different pigment-protein interactions. 6

Electronic Coupling. The average distance between neighboring chromophore
molecules in most photosynthetic complexes is ~10 A.'7 Here electrostatic inter-
actions give rise to Coulombic coupling. As a result, excitations are delocalized and
can be described by the Frenkel exciton model represented by the Hamiltonian

He =3 enln) (nl+ > Jum (In) (m] +|m) (n]) (1.1)

n=1 n<m

for N chromophores where ¢,, are transition energies to the excited electronic states
In). In our discussion, ¢, is the Q, transition of the chromophore in the n-th site of
the protein, a so-called ‘site energy’. The excitonic coupling between the n-th and
m-~th chromophores in different sites of the protein is given by .J,,,. The eigenvalues
of Eq. 1.1 are the spectroscopically observable exciton energies. As the Coulombic
coupling term, .J, is dominated by the distance between molecules and the relative
angles of their transition dipoles, it is apparent how the exact architecture of these
structures gives rise to unique and complex electronic energy landscapes.

1.1.2 Energy Transfer

Historically, energy transfer has been described by the classical Forster theory.!®
In this picture, after a donor is excited, the bath equilibrates quickly to localize
the excitonic wavefunction on the donor. The excitation is subsequently transferred
nonradiatively from the donor to an acceptor exciton. The fast bath equilibration
destroys phase information leading to an irreversible, hopping motion of the energy.
Forster theory, however, is limited to a regime in which the coupling between chro-
mophores is weaker than their respective interactions with the bath.!® As already



Chapter 1: Introduction 5

alluded to in the previous section, this criterion is not always met in photosynthetic
complexes.

Alternatively, we can examine the excitation’s dynamic evolution with the time
propagation of the density matrix:

(OO (W@ = ol lex) {ex] + B [e2) (el
+ ab*e @1 o)) (e, (1.2)

+ a*betwr—w2)t lea) (e1]

The first two terms are stationary and describe populations while the last two
terms, which evolve with phase factors related to the energy difference between exci-
tons, are quantum coherences. If energy transfer through the complex were to occur
on the same timescale of these superpositions, it would behave quantum-mechanically
instead of in the classical, hopping manner. This wavelike motion of energy is re-
versible, avoiding local minima, as the excitation searches for the energy sink to exit
the complex. Recent theoretical calculations have also shown how this quantum co-
herence can promote unidirectional energy flow?® and increase the overall efficiency
of energy transfer when aided by noise from the protein environment.?!22

1.2 Two-Dimensional Electronic Spectroscopy

Two-Dimensional (2D) Electronic Spectroscopy is sensitive to the phase evolution
in Eq. 1.2 making it an ideal experimental tool to study energy transfer in photosyn-
thetic systems. In addition, the ability to separate signals along a second dimension,
here the excitation energy axis, provides information on the energy landscape of the
system not accessible by other nonlinear spectroscopic techniques. Details of the the-
ory? and experimental apparatus?* have been described elsewhere. Briefly, an ultra-
fast laser source is split into three successive pulses which are focused onto the sample
in a box geometry (Fig. 1.4 left). The resulting signal emerges in phase-matched di-
rection collinear with a fourth, local oscillator pulse generating an interferogram as
they are spectrally-resolved on a CCD camera. The first interaction with the sample
creates a coherence between the ground and an excited state that is allowed to prop-
agate for a time T before the second pulse arrives. This second interaction can create
a population or electronic coherence that evolves for a waiting time (7') as described
by Eq. 1.2. The third pulse acts as the probe resulting in the generation of the signal
field. If pulse 1 precedes pulse 2 (41) in the box geometry shown in Fig. 1.4, the
signal produced in the phase-matched direction collinear with the local oscillator will
be a photon echo arising from “rephasing” pathways. For —t, when pulse 2 arrives
at the sample before pulse 1, a “nonrephasing”, free-induction decay signal will be
measured. At each T, 7T is scanned producing a series of interferograms, and Fourier-
transformation along the T axis produces the final 2D relaxation spectrum (Fig. 1.4
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right). The 2D spectrum can be thought of as a map that correlates absorption and
emission events with excitation on the x-, wy, axis and emission on the y-, wy, axis.
Signals along the diagonal correspond to features in linear absorption spectra while
off-diagonal features arise from electronic coupling, population transfer/relaxation,
and excited state absorption. Electronic coherences during 7' generate features both
on and off of the diagonal that oscillate in amplitude with a frequency equal to the
energy difference between the excitons participating.?®2¢ Meanwhile, oscillations in
the phase of the lineshape have theoretically been shown to indicate coupling to vibra-
tional modes.2"?® This powerful technique is extended through the use of a tunable,
broad bandwidth source providing ultrashort pulses as described in Chapter 2.

Tz =
i)
[%)]
K2
£
1) %2/ g
®; (excitation)
3 LO

Figure 1.4: Left Pulse geometry and timing used in 2D electronic spectroscopy exper-
iments. Right Model 2D relaxation spectrum of a dimer system exhibiting a positive
cross peak below the diagonal from population relaxation and a negative cross peak
above the diagonal from excited state absorption.

1.3 Experiments

1.3.1 Excitonic Coherence

FMO. Two-dimensional electronic spectroscopy was first used to investigate exci-
tonic coherence in the Fenna-Matthews-Olson (FMO) complex as presented in Chap-
ter 3. A component in green sulfur bacteria, FMO acts as an energetic wire connecting
the chlorosome antenna complex to the reaction center. The structure of FMO in Fig.
1.1b shows 7 bacteriochlorophyll molecules held in each monomer of the trimer. While
previous 2D experiments on FMO elucidated the energy transfer pathways,?” a new
2D experiment was conducted to search for the beating signal arising from quantum
coherences. Not only was signal consistent with excitonic coherence detected, it was
observed to be surprisingly long-lived, lasting beyond the 660 fs duration of the ex-
periment.® This timescale is also longer than many of the exciton lifetimes in FMO
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supporting the notion that energy transfer through the system is largely wavelike as
opposed to hopping. While these initial experiments were conducted at 77 K, new
work has revealed prolonged beating to 300 fs at 277 K.3°

LHCII. While the FMO experiment provided several exciting results, FMO itself
is only present in a small subset of photosynthetic bacteria. Thus, the question
remained as to whether the quantum mechanical motion of energy in photosynthetic
complexes was a universal phenomenon. Given the structural differences apparent
in Fig. 1.1, the ubiquitous presence of long-lived excitonic coherence would provide
evidence of an underlying pattern essential to the design of these natural systems that
gives rise to this phenomenon. Light Harvesting Complex IT (LHCII) of higher plants
contains >50% of all chlorophyll on Earth making it particularily well suited to answer
this question. The structure of LHCII (Fig. 1.1¢) is trimeric with each monomer
containing 8 Chla and 6 Chlb molecules. It is immediately obvious that this is a
much more complex system than FMO and, therefore, presents several experimental
challenges. First, the broad absorption in the visible afforded by the two distinct
types of chromophores requires broadband excitation. In addition, the sheer number
of chromophores generates a complex energy landscape and congested spectra. The
same methodology applied to FMO in Chapter 3 would result in spectra of multiple
overlapping features all beating with different frequencies making it impossible to
extract information. Chapter 4 discusses the extension of 2D electronic spectroscopy
to measure and isolate quantum coherence signals in LHCII. Not only is long-lived
coherence again observed, but a coherence power spectrum is produced providing a
direct measurement of the energy landscape.!®

Protein Environment. Unlike most artificial systems, nature has housed its ac-
tive media in an inhomogeneous and carefully designed environment. The results of
initial experiments suggested the protein played an integral role in preserving the
electronic coherence® while theoretical modeling of long-lived coherence in the bacte-
rial reaction center required strong correlation between fluctuations arising from the
protein environment.® Theoretical calculations have specifically implicated the role of
the a-helices as a source of this correlation,?! and recent advancements in the theoret-
ical framework used to treat electronic energy transfer in photosynthetic complexes
have allowed the role of the protein environment to be explored in more depth.?3?
Figure 1.5 illustrates the effects of positively and negatively correlated fluctuations
on the electronic states of a dimer system. In the case of positive correlation, the en-
ergy barrier between the states is reduced resulting in more delocalization, promoting
coherence. For negative correlation, the opposite is true and coherence is prevented.
As the determination of correlation as being positive or negative is based on the po-
sition and orientation of the molecules relative to common protein phonon modes to
which they are coupled, the importance of the chromophores’ organization within the
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protein becomes apparent.

positive-correlation negative-correlation

T T

q:

Figure 1.5: Schematic of the adiabatic potential energy surfaces for the electronic
states of a dimer in the presence of two phonon coordinates (¢; and ¢o) fluctuating
with positive and negative correlation.??

1.3.2 Electronic Structure of Carotenoids

A full understanding of photosynthetic excitation energy transfer requires the
consideration of the electronic structure and dynamics of carotenoids. The ability
of carotenoids to perform opposing functions, contributing excitation energy as light
harvestors and eliminating excess energy to aid in photoprotection, makes their en-
ergy landscape of particular interest. The electronic structure of carotenoids is often
described with a simple picture as shown in Fig. 1.6. This three state model de-
picts a strong transition from the ground state (Sp) to the second excited singlet
state (Sy) while direct excitation to S; is forbidden due to the Cyp-like symmetry
of the conjugated backbone.'* This model, however, does not explain many of the
experimental observations related to these molecules resulting in a vast body of work
debating the true electronic structure of these seemingly simple pigments.'433 Much
of this work surrounds the hypothesized presence of dark states energetically inter-
mediate to Sy and S; (for a recent review see Ref. 34). The ultrafast relaxation to
S1 has made study the preceding dynamics particularly difficult. The combination of
adaptive pulse shaping, as described in Chapter 2, with the information content from
broadband 2D electronic spectroscopy provides a unique opportunity to investigate
carotenoids. Chapter 5 will explore the dynamics of S-carotene in solution using this
technique.

1.4 Conclusions

The results of 2D experiments on photosynthetic systems described in the follow-
ing chapters reveal new insights into the design principles of nature. Extensions of
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Figure 1.6: Simplified three state energy level diagram describing a carotenoid
molecule with the lifetimes given for [-carotene. The symmetries given in paren-
theses assume an idealized Cy;, point group.

2D spectroscopy to incorporate a broadband source and adaptive pulse shaping allow
new systems to be studied in unprecedented detail. While the implications of the
[-carotene experiments await further analysis, the existence of long-lived excitonic
coherence in a wide range of photosynthetic complexes from bacteria to plants may
explain the efficiency of energy transfer in these natural systems. Current experiments
and theory imply that this phenomenon arises not only from the chromophores them-
selves, but from an active protein environment. A full understanding of the role of
quantum mechanical energy transfer in natural photosynthesis could provide insight
into fields ranging from alternative energy to quantum information.
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Chapter 2

Experimental Techniques

2.1 Introduction

Photosynthetic systems have evolved to utilize the entire visible spectrum from
400-700 nm.'? As introduced in the previous chapter, two-dimensional spectroscopy
has proven itself as a useful technique to study complex energetics, but the extension
of 2D spectroscopy to encompass the spectrally disparate resonances present in pho-
tosynthetic complexes requires an ultrabroad bandwidth source. To implement such a
source, three major considerations must be addressed: generation, compression, and
characterization of a broadband laser spectrum.

2.2 NOPA

Previous 2D electronic experiments had been limited to the wavelength range
afforded by a Titanium:sapphire laser. This range can be extended through the phe-
nomenon of optical parametric generation (OPG) in which a high intensity beam
incident on a suitable nonlinear crystal can be split into two lower frequency compo-
nents satisfying energy conservation:

hw, = hws + hw;

where w, is the frequency of the incident pump beam, and w, and w; represent the
resulting signal and idler beams, respectively, with the condition w; < ws < w,.%
Similarly momentum must be conserved with the phase matching condition:

hk, = hk, + hk;

with k,,, k,, and k; representing the wave vectors of the pump, signal, and idler beams,
respectively. As OPG is a spontaneous process, a seed beam is often introduced coin-
cident with the pump beam on the nonlinear crystal to amplify the desired spectral
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Figure 2.1: Schematic of the two-pass, visible NOPA. P1 and P2 compress the seed
pulse prior to amplification. W is a pair of glass windows at Brewster’s angle to
stretch the pump pulse while P3 results in angular dispersion of the pump beam for
increased overlap.

region. If there is a nonzero angle between the pump and seed beams incident on the
crystal, the phase-matching condition can be extended to achieved broadband signal
in a so-called noncollinear optical parametric amplifier (NOPA).?°

Our home-built, visible NOPA allows for up to two passes through the NOPA
crystal for dual-stage amplification as shown in Fig. 2.1. It is based on the design
of Baltugka et al.?® and is an update to a previously constructed NOPA.3" The new
NOPA incorporates several features to increase the bandwidth including a prism pair
to compress the seed beam, a pair of windows to stretch the pump beam, and a
prism to tilt the phase front of the pump increasing the effective phase-matching
bandwidth.3¢:3® Examples of spectra produced by the NOPA are shown in Fig. 2.2
and were used in the experiments that will be discussed in Chapters 4 and 5 for the
red and green traces, respectively.

The largest drawback of our apparatus is the spatial mode quality of the resulting
visible beam. It is important to realize that the original design of Baluska et al. was
pumped with a 1 kHz repetition rate commercial amplifier producing 150 uJ pulses
while our 3.4 kHz home-built amplifer generates pulses of only 35 pJ. As shown by Piel
et al. large differences in pump energy can dramatically affect the focal properties of
the NOPA.3° Future optimizations of the NOPA may benefit from including aspects of
the Piel design®” as well as splitting the pump pulse for the two stages of amplification
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Figure 2.2: Example spectra produced by the NOPA in Fig. 2.1. The green spectrum
was generated by a single pass in the NOPA and is centered at 550 nm with a FWHM
of 70 nm. The red spectrum was generated using both passes through the NOPA
crystal and is centered at 640 nm with a FWHM of 80 nm.

so that the effects to the spatial mode of the pump caused by the first pass are not
amplified by the second pass. To mitigate the imperfections of the spatial mode in
the current setup, a cylindrical mirror telescope was built after the SLM.

2.3 Compression

One key advantage of using a broadband laser spectrum is the increased time
resolution afforded by short pulses. Optimal compression of the NOPA spectrum is
required to produce the shortest pulses. To determine the best compression scheme it
is beneficial to first consider the source of dispersion effects that lengthen the pulse.
The phase of the electric field, ¢(w), can be expanded about the central frequency,
Wo, as

0@ = s+ () w-wry(fe) G-
+1<d¢> (w—w0)3+1<d¢> @W—wo) +... (21

6 \ dw? dw*
wo wo
Where (%) is the group delay (GD), (227‘2) is the group delay dispersion (GDD)
wo wo
or group velocity dispersion (GVD), also known as linear chirp, and (%) is the
wo
third order dispersion (TOD), or cubic spectral phase. Positive linear chirp (+GVD)
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GVD TOD
material + +
prism pair - -
grating pair - +

Table 2.1: Sign of dispersion from common optical components

can result from propagation through material and lengthens the pulse with red com-
ponents arriving first as a function of time while for +TOD red and blue components
arrive before the intermediate spectral region. In general, optical components affect
the dispersion as shown in Table 2.1.

Given that significant sources of chirp in NOPA arise from material dispersion, a
prism pair appears suitable for compression of the NOPA signal. Although a prism
compression line was initially constructed for the NOPA, it is well known that this
geometry overcompensates TOD.4? This results in significant residual cubic phase
from the prism pairs in the compression and precompression lines. Optimal compres-
sion of the NOPA therefore requires a second compression stage. From Table 2.1 the
obvious solution to eliminate the residual cubic phase may be the introduction of a
pair of gratings. There are, however, many drawbacks to this arrangement. Gratings
have only a maximum compressor efficiency of ~70% over limited bandwidth, are not
easily adaptable to changes in the output chirp of the NOPA that may arise from
different alignments, and will not balance higher orders of chirp. Several examples of
NOPA outputs being compressed to sub-10 fs through the use of chirped mirrors have
been reported, 2 but these configurations are also not easily adaptable limiting the
tunability of the NOPA. A flexible pulse compression scheme can be realized through
the use of a spatial light modulator (SLM).3

Figure 2.3 shows our SLM adaptive pulse shaping apparatus built with a 4f
geometry. The beam, input from the right, is first incident on a grating. To reduce the
loss that is introduced by standard gratings, a transmissive volume phase holographic
grating (600 1/mm, 600 nm, Wasatch Photonics) is used with an average diffraction
efficiency of 80% over the entire spectral bandwidth independent of polarization. At a
distance f from the grating, a focusing optic collimates the beam while simultaneously
focusing the individual spectral components onto the SLM placed in the Fourier plane
at another distance f from the optic. The phase of each color can then be controlled
independently in the frequency domain by varying the refractive index of the separate
SLM pixels. The beam is reflected back on itself to emerge from the pulse shaping
line with minimal change in spatial properties.

The first consideration in design of the SLM compression line is to ensure the
separation of spectral components, ie. avoiding space-time coupling effects.** The
radius of the focal spot for each spectral component should be smaller than the pixel
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Figure 2.3: Picture of the SLM-based pulse compression apparatus.

size and can be calculated, assuming Littrow alignment of the grating, with:

A

TWin,

where w;, and wy are the FWHM of the spatial mode of the beam at the input
and focal spot, respectively, and f is the focal length of the focusing optic. In our
apparatus, a cylindrical mirror (f = 19.07 cm, CVI) is used to spread the beam over
more vertical pixels reducing the possibility of damaging the SLM. The cylindrical
mirror is also advantageous relative to a spherical optic as it allows the reflected beam
to be offset vertically without introducing spherical aberration. When aligning the
4f line, it is common to encounter spatial chirp in the output beam. This can arise
either from the SLM not being positioned in the focal plane of the cylindrical mirror
or from an offset in the tilt of the horizontal axis of the grating or cylindrical mirror
relative to each other.

We use a phase-only 2D SLM (PPM x8267, Hamamatsu) consisting of 768 x 768
optically-addressed pixels with a size of 25 um. For proper operation, two SLM
calibrations are required. The SLM operates similarly to a computer monitor in
which each pixel can be adjusted with a grayscale value from 0 to 256. It then first
needs to be determined how much phase each grayscale value applies which is done
by measuring the birefringence induced by the SLM. The polarizer on the front of the
SLM is rotated 45°, and a crossed polarizer is placed at the output of the pulse shaping
apparatus. The intensity of different wavelengths of the beam can be measured for
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each grayscale value on the SLM and fit to a form:

19 = " (1 ¢ coso(g. )

where [ is the measured intensity and the phase ¢ can be expanded as a polynomial
in both the grayscale value, g, and the wavelength, A\. In our measurements, the
first ~28 grayscale values were excluded from the fit as they scale nonlinearly with
phase. This calibration only needs to be repeated for large changes in the spectrum
of the pulse or if the drive voltage of the SLM is changed. The second calibration
determines which wavelengths are incident on which pixels and must be repeated
anytime the alignment of the NOPA or pulse shaping apparatus is adjusted. A single
vertical column of pixels displays a pattern to diffract the frequencies incident on it
in a different direction than the spectrum interacting with the rest of the SLM. By
spectrally-resolving the output of the SLM line on a CCD camera, this column of
pixels or “slit” results in a sharp dip in the amplitude of the laser spectrum for the
wavelength components in the slit region. The slit is moved horizontally across the
SLM with the resulting spectrum imaged such that SLM position of all wavelength
components of the spectrum can be determined. As expected, the grating creates a
linear distribution of wavelengths across the SLM.

| “I ‘“ |

Figure 2.4: (a) SLM display of a phase to be applied on a beam that is spectrally-
dispersed horizontally. () SLM display of a vertical grating for diffraction optimized
in the +1 direction. (¢) SLM display for pulse compression in a diffraction-based
configuration (a+b).

o

A\

As the amount of phase that can be applied by the SLM is limited, the modulus
of the desired phase with respect to 27 is experimentally applied giving rise to an
SLM display similar to that shown in Fig. 2.4a. In its initial implementation, the
SLM was used only in reflective mode with this type of display resulting in artifacts
in the spectrum as diffraction of wavelengths present at transitions between 0 and 27
phase on the SLM (Figure 2.5). Such artifacts had been observed previously through
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Figure 2.5: CCD image of spectrally-resolved beam after the SLM in reflective mode.
(top panel) No phase applied across SLM (bottom panel) Applying phase across the
SLM causes modulator replicas which appear as diffraction of frequencies at 0 to 27
transitions.

interferometry and in the temporal domain by Vaughan et al. and identified as modu-
lator replicas.*® To reduce the presence of these replica artifacts, they simultaneously
applied a grating along the dimension of the SLM orthogonal to the dimension the
desired phase was applied?® (Fig. 2.4). By using the first order of the diffracted beam,
only those wavelength components experiencing the desired phase are collected. The
introduction of this diffraction-based operation into our SLM setup significantly re-
duced the diffraction artifacts apparent in Fig. 2.5. In future, amplitude modulation
of the laser spectrum may also be possible with this diffraction-based alignment.
Despite using an SLM that only allows for phase modulation, the amplitude of the
diffracted beam can be shaped by making the grating applied to the SLM (Fig. 2.4b)
more or less efficient for different colors through the adjustment of the phase range
applied across each tooth of the grating.46
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2.4 Pulse Characterization

For previous experiments using the fundamental of the Ti:sapphire laser centered
around 800 nm, the pulse timings were characterized by autocorrelation in a S-barium
borate (BBO) crystal while the phase of the pulse was determined through second
harmonic generation frequency-resolved optical gating (SHG-FROG).4" Neither of
these techniques, however, is suitable for characterization of the broadband NOPA
output. For SHG, phase mismatch, dependent on the thickness of the BBO crystal,
can result in the possible upconversion of only part of the spectral bandwidth. SHG-
FROG is also not feasible due to the poor response of the CCD at the second harmonic
frequencies of the NOPA wavelengths.

To overcome these issues, autocorrelation for pulse timing was achieved through
two-photon absorption on a SiC photodiode (JEC 1, Electro Optical Components,
Inc.)*® The bandgap of SiC is 210-380 nm resulting in the absorption of only ultra-
violet radiation leaving the visible fundamental of the NOPA undetected, and the
two-photon absorption process is not limited by phase-matching conditions.

600
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b
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Figure 2.6: Experimental TG-FROG scans of the green NOPA spectrum in Fig. 2.2.
(top panel) The pulse with no phase applied from the SLM displays long red and
blue tails indicative of cubic phase. (bottom panel) The same pulse as above, but
compressed to 12 fs with the SLM.
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To determine the phase of the pulse, necessary for programming the SLM, tran-
sient grating (TG) FROG was conducted on a 2 mm thick fused silica substrate.
TG-FROG uses the beam geometry already present for the 2D experiments and has
several advantages over SHG-FROG including a larger phase-matching bandwidth,
the generation of signal at the same frequency as the input beam, and no ambiguity
in the direction of time for the resulting phase.4"4?

Figure 2.6 shows two experimental TG-FROG traces for the laser spectrum given
by the green trace in Fig. 2.2. In the top panel no phase is applied across the SLM
and the pulse displays clear tails on the red and blue portions of the spectrum from
the cubic phase introduced by the prism lines. The lower panel shows the compressed,
12 fs (FWHM) pulse produced after proper phase compensation by the SLM. Optimal
compression was determined in an open feedback loop with the phase from the FROG
algorithm fit to a series of polynomials as given by Eq. 2.1 before being applied to
the SLM. The possibility of improved compression through a closed feedback loop to
optimize the intensity of the SiC two-photon absorption was not explored and is left
for future experiments.

2.5 Final Remarks

A few concerns are raised when the broadband pulses discussed in this chapter are
incorporated into a 2D experimental apparatus. While broadband 2D setups have
recently been designed,®® the apparatus currently used does contain dispersive optics,
specifically the diffractive optics and fused silica wedges used to generate the T delay.
No significant changes in the phase of the pulses were observed in our TG-FROG
scans for the different wedge positions associated with the full range of our T scans as
has similarly been shown by others.%!
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Chapter 3

Evidence for wavelike energy
transfer through quantum
coherence in photosynthetic
systems

Adapted with permission from Nature, 446, 782-786 (2007). Copyright 2007 Na-
ture Publishing Group.

Photosynthetic complexes are exquisitely tuned to capture solar light efficiently,
and then transmit the excitation energy to reaction centers, where long term energy
storage is initiated. The energy transfer mechanism is often described by semiclas-
sical models that invoke ‘hopping’ of excited-state populations along discrete en-
ergy levels. 21 T'wo-dimensional Fourier transform electronic spectroscopy 232452 has
mapped? these energy levels and their coupling in the Fenna-Matthews-Olson (FMO)
bacteriochlorophyll complex (Fig. 1.1b), which is found in green sulphur bacteria and
acts as an energy ‘wire’ connecting a large peripheral light-harvesting antenna, the
chlorosome, to the reaction center.?%*%* The spectroscopic data clearly document the
dependence of the dominant energy transport pathways on the spatial properties of
the excited-state wavefunctions of the whole bacteriochlorophyll complex.?%%5 But
the intricate dynamics of quantum coherence, which has no classical analogue, was
largely neglected in the analyses—even though electronic energy transfer involving os-
cillatory populations of donors and acceptors was first discussed more than 70 years
ago,”® and electronic quantum beats arising from quantum coherence in photosyn-
thetic complexes have been predicted®”*® and indirectly observed.®® Here we extend
previous two-dimensional electronic spectroscopy investigations of the FMO bacteri-
ochlorophyll complex, and obtain direct evidence for remarkably long-lived electronic
quantum coherence playing an important role in energy transfer processes within this
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system. The quantum coherence manifests itself in characteristic, directly observable
quantum beating signals among the excitons within the Chlorobium tepidum FMO
complex at 77 K. This wavelike characteristic of the energy transfer within the pho-
tosynthetic complex can explain its extreme efficiency, in that it allows the complexes
to sample vast areas of phase space to find the most efficient path.

3.1 Introduction

In two-dimensional Fourier transform electronic spectroscopy, three pulses and a
strongly attenuated local oscillator are incident on the sample. (For a detailed de-
scription of the method and the apparatus used in this study, see refs. 24, 52, 60)
In the simplest time domain representation, the first pulse creates a coherence that
evolves for time 1T, then the second pulse creates an excited-state population that
evolves for time T, and the third pulse creates a coherence that accumulates phase
in the opposite direction for time ¢ before rephasing occurs and a signal pulse is
emitted in the unique phase-matched direction. The full electric field of the signal
pulse is measured through heterodyne detection using spectral interferometry. In a
frequency domain representation, two-dimensional Fourier transform electronic spec-
troscopy probes electronic couplings and energy transfer in molecules by mapping
how excitations before the waiting time, T, affect emission after the waiting time.
The coherence wavelength represents the initial excitation, while the rephasing wave-
length can be thought of as the subsequent emission. Without coupling, contributions
from excited-state absorption and emission cancel each other, yielding no off-diagonal
peaks in the spectrum that signal such coupling. But in the presence of coupling,
the cancellation is no longer complete and a so-called cross-peak emerges.® Two-
dimensional spectroscopy thus provides an excellent probe of the coupling between
energy levels.

In the present experiment, we use two-dimensional electronic spectroscopy to ob-
serve oscillations caused by electronic coherence evolving during the waiting time in
FMO. Such quantum coherence, a coherent superposition of electronic states analo-
gous to a nuclear wavepacket in the vibrational regime, is formed when the system is
initially excited by a short light pulse with a spectrum that spans multiple exciton
transitions. Theoretical predictions indicate that both the amplitudes and shapes of
peaks will contain beating signals with frequencies corresponding to the differences
in energy between component exciton states.??
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3.2 Methods

3.2.1 Sample Preparation

The FMO sample was isolated from Chlorobium tepidum as published previously.®
The sample was dissolved in a buffer of 800 mM tris/HCI pH 8.0, 50 mM NaCl with
0.1% lauryldimethylamine oxide as a detergent. The sample was then mixed 65:35
v/v in glycerol and placed in a 200 pm quartz cell (Starna). The sample was cooled
in a cryostat (Oxford Instruments) to 77 K. The absorbance of the sample at 805 nm
was then measured to be 0.16.

3.2.2 Data Acquisition

A home-built oscillator was used to seed a home-built regenerative amplifier to
produce a 3.4 kHz pulse train of 41 fs pulses centered about 808 nm with a spectral
width of 31 nm FWHM.52 The stability of the laser system through the data acquisi-
tion period was measured to be 0.28% to 0.44%. The laser pulse width was measured
with both autocorrelation (38 fs FWHM) and FROG (41 fs FWHM).

A diffractive optic was used to create two pairs of phase-locked beams, and all
beams were incident on the same optics, aside from the one-degree fused silica wedges
(Almaz Optics) used for delay stages. The delay stages were calibrated using spectral
interferometry and have been shown to have attosecond stability and reproducibil-
ity. 2463 During data collection, the coherence time was stepped in 4 fs steps from -600
to 600 fs. Waiting times were sampled at 0, 10, 20, 30, 40, 50, 65, 80, 95, 110, 125,
140, 155, 170, 185, 200, 220, 240, 260, 280, 300, 330, 360, 390, 420, 450, 480, 510,
540, 570, 600, 630, and 660 fs. Additional points were taken at -1,000 fs to ensure
that the signal observed was not an artifact. The sample was moved after every third
data point, and some data points were repeated to ensure that the sample was not
degrading during measurements.

The local oscillator was attenuated with a neutral density filter combination of
absorbance 3.5 at 800 nm. The total power incident on the sample was 15 nJ (5 nJ/
pulse) focused to a spot size less than 70 pum. The resulting signal and heterodyne
beam were frequency-resolved with a spectrometer (Acton Research) and captured
on a 1,340 x 5 pixel region of our charge-coupled devide (CCD) array (Princeton In-
struments). Scatter subtraction, Fourier windowing and transformation to frequency-
frequency space was done as reported previously. 2450 Pump-probe data were taken
for accurate phasing of the two dimensional spectra.

3.2.3 Data Modeling

To model the beat patterns in the data series, a non-uniform fast Fourier trans-
form algorithm was used to search for Fourier power series that matched the data
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and were consistent with the expected power spectrum. Because of the unequal
spacing, a unique answer does not exist. The non-uniform fast Fourier transform
power spectra were estimated using a modified 4th-Jackson kernel, and the results
were then transformed back using a standard fast Fourier transform library (FFTW;
www.fftw.org). 6% To scale the data and eliminate spectral components from popu-
lation dynamics, a smooth function with an exponential growth of the order of the
pulse width and an exponential decay matched to the population dynamics in the
main peak was used.

3.3 Results

To observe the quantum beats, two-dimensional spectra were taken at 33 waiting
times T, ranging from 0 to 660 fs. Representative spectra are shown in Figure 3.1.
In these spectra, the lowest-energy exciton gives rise to a diagonal peak near 825 nm
that clearly oscillates: its amplitude grows, fades, and subsequently grows again. The
peak’s shape evolves with these oscillations, becoming more elongated when weaker
and rounder when the signal amplitude intensifies. The associated cross-peak ampli-
tude also appears to oscillate. Surprisingly, the quantum beating lasts for 660 fs. This
observation contrasts with the general assumption that the coherences responsible for
such oscillations are destroyed very rapidly, and that population relaxation proceeds
with complete destruction of coherence®® (so that the transfer of electronic coherence
between excitons during relaxation is usually ignored).5:66:67

We note that this issue has been discussed theoretically, and that some theoreti-
cal models include coherence among both donors and acceptors; % however, coherence
must be treated between all chromophores to ensure that the model will accurately
reproduce the dynamics of the system.% In the case of FMO, theoretical models
indicate that electronic coherence should dephase on the timescale of the initial pop-
ulation transfer, established by experiment to be less than 250 fs for all but excitons
1 and 3 (refs. 15, 70). The strong quantum beating that we observe to last for at
least 660 fs clearly exceeds the model predictions. We believe that to account for this
long-lived coherence and provide an accurate description of the system, the protein
must have a more active role in a realistic bath model; that is, it must be allowed to
interact with both donors and acceptors, to enable coherence transfer and possibly
the generation of new coherences.

Our further investigation of these spectral oscillations focuses on the best-resolved
spectral features in the two-dimensional electronic spectra, that is, the lowest exciton
diagonal peak and associated cross-peak. In Fig. 3.2, we show the amplitude oscilla-
tions with time along the main diagonal of the spectrum. Because of the non-uniform
spacing of the data points, converting the data to a unique power spectrum is not
possible; instead, we map the data onto a Fourier subspace using a non-uniform fast
Fourier transform algorithm. % The sampled amplitude variations of the lowest-energy
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Figure 3.1: Selected two-dimensional electronic spectra of FMO are shown at waiting
times from 7" = 0 to 600 fs demonstrating the emergence of the exciton 1-3 cross-
peak (white arrows), amplitude oscillation of the exciton 1 diagonal peak (black
arrows), the change in lowest-energy exciton peak shape and the oscillation of the 1-3
cross-peak amplitude. The data are shown with an arcsinh coloration to highlight
smaller features: amplitude increases from blue to white (for a three-dimensional
representation of the coloration see Fig. 3.4a).

exciton are shown with a Fourier interpolation from the subspace that was selected to
be maximally consistent with the excitonic model. The theoretical excitonic coher-
ence line spectrum was calculated using the exciton energies from the Hamiltonian
in ref. 29, and the relative amplitudes were calculated using orientationally averaged
response magnitudes for the associated cross-peak pathways. 6772

The agreement between the data, the Fourier interpolation and the theoretical
exciton spectrum demonstrates that the quantum beating observed is fully consistent
with electronic coherence (analyses of beating in more peaks are shown in Fig. 3.3),
and we present comparisons to an independent theoretical lineshape prediction to
confirm this conclusion. Further, because the predicted orientational factor is iden-
tical for a diagonal exciton beating and for a cross-peak, that the amplitude of the
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Figure 3.2: (a) A representative two-dimensional electronic spectrum with a line
across the main diagonal peak. The amplitude along this diagonal line is plotted
as a function of waiting time in (b) with a black line covering the exciton 1 peak
amplitude; the data are scaled by a smooth function effectively normalizing the data
without affecting oscillations. A spline interpolation is used to connect the spectra;
the times at which spectra were taken are denoted by tick marks along the time axis.
(¢) The amplitude of the peak corresponding to exciton 1 shown with a dotted Fourier
interpolation. (d) The power spectrum of the Fourier interpolation in (¢) is plotted
with the theoretical spectrum showing beats between exciton 1 and excitons 2-7.

beat is of the order of the amplitude of the cross-peak even at long times (>500 fs)
indicates that the electronic coherence can play a significant role in determining the
overall relaxation dynamics within the protein complex. This observation suggests
that coherence relaxation pathways, including coherence transfer, should no longer
be disregarded in theoretical models of photosynthetic protein complexes.
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Figure 3.3: Beating Patterns Throughout the 2D Spectrum: A representative 2D
spectrum (7' = 510) is colored with an arcsinh scale to highlight the small cross-
peak features. The black lines rising out of the spectrum show interpolations of the
raw (unscaled) beating patterns at those locations from waiting times 7' = 0 to T
= 660 fs. The power spectrum of each interpolation is shown in the corresponding
graph with the expected exciton line spectra overlaid. For cross-peaks, the expected
dominant beat frequency is shown in red.

3.4 Discussion

A predicted? signature of quantum beating in a dimer system is out-of-phase
modulation of the diagonal and antidiagonal widths of a peak relative to its am-
plitude, with the peak predicted to become rounder as it gets stronger. Figure 3.4
documents precisely this behaviour in the lowest exciton state. We note that if this
oscillation were due to vibrational wavepacket motion, the exciton peak would be
expected instead to oscillate in frequency but maintain constant volume. The peak
shape oscillations we see have not previously been observed in two-dimensional spec-
tra, in which the peak width along the antidiagonal direction is generally an indicator
of the extent of homogeneous broadening, whereas the peak width along the diag-
onal provides a measure of inhomogeneous broadening. In this context, the width
modulation we observe would be akin to losing memory of the initial state, and sub-
sequently regaining that memory. Clearly, this interpretation is not applicable while
coherence persists. The unusual nature of the width modulation evident in our data
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and its agreement with the predicted® characteristics of quantum beating further
strengthens our conclusion that the beating we measure is due to excitonic quantum
coherence.
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Figure 3.4: The anticorrelation shown in the inset plot between the amplitude of the
diagonal exciton peak (black line) and the ratio of the diagonal to anti-diagonal widths
of the peak (red lines) is a characteristic predicted from theory for exciton quantum
beating.? This pattern would not arise from phonon coupling and highlights the
change in integrated line strength associated with quantum beating.

Figure 3.5 shows that a Fourier interpolation of the beating spectrum apparent
in the cross-peak between excitons 1 and 3 can again be explained by the expected
exciton beating spectrum. The beating signal shows frequency components from all
excitons coupled to either excitons 1 or 3, and a very strong component from the beat
frequency between the two coupled excitons (1 and 3) that give rise to the cross peak.
However, the cross-peak amplitude and associated beating do not appear strongly at
time T = 0; this provides strong evidence for the existence of electronic coherence
transfer in this system, with one superposition, for example between excitons 3 and
5, transferred into a superposition between excitons 3 and 1.

The observations illustrated in Figs. 3.2-3.5 clearly demonstrate that any full
description of FMO dynamics needs to account for coherence between donors and
acceptors, and for coherence transfer on a similar timescale to population relaxation.
While our spectra are recorded at 77 K and the coherence among members of the
ensemble will dephase faster at higher temperatures, quantum coherence will also
be important at higher temperatures. This is because the underlying Hamiltonian,
dynamics and relaxation pathways associated with superposition states of individual
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Figure 3.5: (a) The raw amplitude of the exciton 1-3 cross-peak, with a Fourier
interpolation of the points (dotted line). (b) The power spectrum of this interpolation
(dotted line), the exciton beating line spectra of both excitons 1 and 3 (black), and
the 1-3 beat frequency (red). We expect that the other frequencies may couple to
this cross-peak but that the dominant frequency corresponds to the red transition.
The apparent low-frequency peak is due to the growth of the cross-peak amplitude
and appears as a peak because the data were demeaned (mean subtracted from the
data) before the transform to improve numerical accuracy, pinning the zero frequency
component to zero.

complexes do not depend on dephasing of the ensemble properties observed in a
measurement. In an ensemble sense, the presence of quantum coherence means that
the mean square displacement of the initial excitation from a quantum walk increases
quadratically with time rather than linearly as in diffusive hopping of excitation.™
But a more microscopic picture of the implications of such quantum coherence
for energy transfer can be found by considering an individual complex: superposition
states formed during a fast excitation event allow the excitation to reversibly sample
relaxation rates from all component exciton states, thereby efficiently directing the
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energy transfer to find the most effective sink for the excitation energy (which, in the
isolated FMO complex, is the lowest energy state). When viewed in this way, the
system is essentially performing a single quantum computation, sensing many states
simultaneously and selecting the correct answer, as indicated by the efficiency of the
energy transfer. In the presence of quantum coherence transfer, such an operation is
analogous to Grover’s algorithm, with the Hamiltonian describing both relaxation to
the lowest energy state and coherence transfer (refilling the coherence lost from the
transfer to the lowest energy state); ™ such a scheme can provide efficiency beyond
that of a classical search algorithm. This mechanism contrasts with a semiclassical
‘hopping’ mechanism through which the excitation moves stepwise from exciton state
to exciton state, dissipating energy at each step, which would be similar to a classical
search where only one state can be occupied at any one time. Such a mechanism also
raises the possibility of non-local events, although more detailed analysis is needed
before we can determine whether such effects are present in FMO.

3.5 Conclusions

The FMO light-harvesting complex provides an opportunity to apply more com-
plete energy transfer theories that invoke non-Markovian dynamics and include co-
herence transfer. Such theories need to include wavelike energy motion owing to long-
lived coherence terms, alongside the population transfer included in current models.
Further, the observed preservation of coherence in this photosynthetic system requires
us to redefine our description of the role of electron-phonon interactions within pho-
tosynthetic proteins. In particular, the protein may not only enforce the structure
that gives rise to the couplings, but also modulate those couplings with motions of
charged residues and changing local dielectric environments, which will change exciton
energies and promote coherence transfer.
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Chapter 4

Quantum Coherence Enabled
Determination of the Energy
Landscape in Light-Harvesting
Complex 11

Adapted with permission from Journal of Physical Chemistry B, 113, 16291-16295
(2009). Copyright 2009 American Chemical Society.

The near-unity efficiency of energy transfer in photosynthesis makes photosyn-
thetic light-harvesting complexes a promising avenue for developing new renewable
energy technologies. Knowledge of the energy landscape of these complexes is essen-
tial in understanding their function, but its experimental determination has proven
elusive. Here the observation of quantum coherence using two-dimensional electronic
spectroscopy is employed to directly measure the fourteen lowest electronic energy
levels in light harvesting complex II (LHCII), the most abundant antenna complex in
plants containing approximately 50% of the world’s chlorophyll. We observe that the
electronically excited states are relatively evenly distributed, highlighting an impor-
tant design principle of photosynthetic complexes that explains the observed ultrafast
intracomplex energy transfer in LHCII.

4.1 Introduction

In the initial stages of photosynthesis, solar energy is absorbed by and transferred
through intricate networks of pigment-protein complexes with unrivaled speed and
efficiency. The key to understanding how these complexes function, and the proposed
modulation of the function,”™ 7" lies in the relationship between the spatial organi-
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zation of their pigments and the resulting excited-state potential energy surfaces. In
almost all photosynthetic complexes, however, the excitons composing this energy
landscape are so closely spaced that they become indiscernible in the linear absorp-
tion spectrum, even at cryogenic temperatures. This spectral congestion has meant
that assignment of electronic energy levels is indirect, based on extensive modeling in
combination with multiple forms of spectroscopy. ™"

In the study of photosynthetic complexes, much attention has recently been paid
to the role of quantum coherences, coherent superpositions of excitons that can be
prepared when a broadband light pulse excites the system.®2L257:80 Quantum co-
herence in a photosynthetic system was first observed in the Fenna-Matthews-Olson
complex®?? and has been discussed as an integral component of highly efficient photo-
synthetic light-harvesting. %92179:80 If we describe the evolution of these electronically
excited complexes by the time progression of the density matrix for a two-level sys-
tem as shown in Eq. 1.2, it can be seen that excitonic coherences evolve with a phase
factor associated with the energy difference between the two participating excitons.
Two-dimensional spectroscopy measures this phase evolution which manifests itself as
an oscillation in the amplitude of the peaks in 2D spectra.2%2¢ Therefore, while spec-
tral broadening effects may prohibit resolution of individual excitons, each exciton
contribution buried within a broad peak oscillates with a unique pattern. The exci-
tons’ characteristic beating frequencies, combined with the ability of two-dimensional
spectroscopy to specifically probe coherence contributions to the signals, provide a
method by which the individual excitons can be precisely located.

4.2 Methods

4.2.1 Sample Preparation

LHCII trimers were isolated from Arabidopsis thaliana as previously published®!
and dissolved in a Hepes buffer pH = 7.6 with the detergent, n-dodecyl a-D-maltoside
0.06%. The sample was then mixed with glycerol, 30:70 v/v, placed in a 200 pm
quartz cell, and cooled to 77 K. A sample absorbance of 0.14 was measured at 675
nm.

4.2.2 2D Electronic Spectroscopy

The 2D electronic spectroscopy experiment 23245282 and apparatus?*?? have been
described in detail elsewhere. A home-built Ti:sapphire oscillator seeded regenera-
tive amplifier2 pumped a home-built non-collinear optical parametric amplifier to
produce the spectrum given by the red trace in Fig. 2.2 with 80 nm of bandwidth
centered at 640 nm. Prism pair compression enabled 18 fs pulse duration, as measured
by autocorrelation. The beam was split to produce three pulses (6 nJ) separated by
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two time delays, coherence time (t) and waiting time (7'), and a weak local oscilla-
tor. These four beams were focused in a box geometry to a spot size of less than 100
pm at the sample position. The signal field proportional to the resulting third-order
polarization is heterodyne-detected and spectrally-resolved in a given phase-matched
direction. The coherence time, T , is scanned from negative to positive time at a fixed
waiting time, and Fourier transformation along the T axis produces a 2D spectrum.

The 2D spectrum provides a map that correlates the excitation and emission fre-
quencies of the sample: the peaks along the diagonal correspond to those in the
linear absorption, and off-diagonal features, “cross peaks”, arise from electronic cou-
pling between pigments and energy transfer between excitons. Furthermore, excitonic
quantum coherence manifests itself as oscillations in the amplitude of diagonal and
cross peaks as a function of 7. In congested spectra where excitons are closely spaced
energetically, cross peaks will appear near their diagonal counterparts. As a result,
oscillations in the amplitude of cross peaks can interfere with those of the peaks di-
rectly on the diagonal, making it extremely difficult to isolate individual coherence
contributions in conventional 2D spectra. Recently, we have shown that only diagonal
signals arising from quantum coherences appear in nonrephasing 2D spectra allowing
them to be analyzed free from interference of beating cross peaks.?® Nonrephasing
spectra include data from only negative coherence time contributions, where the time
ordering of the first two pulses is reversed.

Evolution of the diagonal cut of the nonrephasing 2D spectra as a function of wait-
ing time, T, thus provides a means to specifically probe the coherent phase evolution
of superpositions of excitons prepared by the first two laser pulses in the experiment.
A Fourier-transform with respect to T resolves the frequencies of the coherence oscil-
lations to yield a power spectrum of these beat frequencies vs. exciton energies. Each
peak on this coherence power spectrum can be assigned specifically to a coherence
density matrix element (Eq. 1.2). In an energetically disordered system, each exciton
can participate in multiple coherences with other excitons in the system. This leads
to a pattern of beat frequencies unique to each exciton whose peaks in the power
spectrum line up along the same exciton energy, indicating the exciton’s position and
permitting direct measurement of the energy landscape. Furthermore, a coherent
superposition of two excitons gives rise to a pair of “mirror peaks” that appear at
the same beat frequency and the respective energies of the two contributing excitons,
which can be useful in assigning excitons with low oscillator strength. If only one
mirror peak is detected in the power spectrum, the location of the second exciton can
be estimated from the energy of the first exciton and the beat frequency.

4.2.3 Simulations

Simulated coherence power spectra were generated from LHCII trimer Hamiltoni-
ans. The Hamiltonian used for Figs. 4.4¢ and 4.5¢ was constructed from previously
published trimeric site energies™ and couplings provided by V. I. Novoderezhkin that
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were calculated using the ideal dipole approximation (IDA). The magnitudes of the
couplings used in the Hamiltonian that generated Figs. 4.4b and 4.5b were calculated
by the transition density cube method (TDC) by Frahmcke and Walla® while signs
were assigned from the IDA values.™ The site energies of the Hamiltonian for Figs.
4.4b and 4.5b were optimized to match the experimental data. The ratio of Chlb
to Chla dipole strengths was 0.853%% and all of the one-exciton transition dipoles
were scaled by the experimental laser spectrum. The relative peak amplitudes in the
theoretical power spectrum were calculated using orientationally averaged response
magnitudes®:772 for the associated nonrephasing pathways.?¢ Pathways containing
two-exciton transitions were not included, because monomer simulations (not shown)
revealed that they do not contribute significantly, most likely due to the relatively
weak one- to two-exciton transition dipole moments. Bath effects were assumed to
be negligible in the calculation of the beat frequencies, but the exciton energies used
were those calculated by Novoderezhkin et al.™ (Figs. 4.4¢ and 4.5¢) or determined in
this work (Figs. 4.4b and 4.5b). In the theoretical modeling of coherence power spec-
tra, all peaks were dressed with Gaussian distributions along both axes to simulate
homogeneous and inhomogeneous broadening effects.

Absorption (OD)

0.00
14,500 15,000 15,500 16,000
Frequency (cm™T)

Figure 4.1: (a) Chlorophyll arrangement in LHCII trimer with Chla and Chlb shown
in green and blue, respectively.84(b) Linear absorption spectrum of LHCII trimers at
77 K. Red sticks indicate the exciton energies determined in this experiment while
black sticks are previously predicted values.”™
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4.3 Results and Discussion

We have applied the technique discussed above to investigate coherence evolution
of excitations in LHCII, the major light-harvesting complex in plants. The trimeric
x-ray crystal structure of LHCII was determined at high resolution,%® showing that
each protein monomer contains 14 chlorophyll molecules with two spectral variants:
eight chlorophyll a (Chla) molecules, producing an absorption band from 14,500 cm™*
to 15,000 cm™!, and six chlorophyll b (Chlb) molecules, giving rise to an absorption
peak at 15,500 cm™' (Fig. 4.1a). Even at 77 K, the 14 lowest energy (Q,) elec-
tronic transitions arising from the chlorophyll molecules cannot be distinguished in
the linear absorption spectrum (Fig. 4.1b). This congestion is extended to the 2D
relaxation spectrum, shown in Fig. 4.2a for 7" = 250 fs, where the diagonal features
correspond to those in the linear absorption. Energy transfer from Chlb to Chla as
well as relaxation within the Chla region can be seen in the 2D relaxation spectrum
via strong cross peaks below the diagonal while the negative features above the diag-
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Figure 4.2: (a) The real part of a representative 2D relaxation spectrum for 7" =
250 fs. (b) The real part of the nonrephasing 2D spectrum for 7" = 250 fs. (¢) The
amplitude of the diagonal cut of the nonrephasing 2D spectra as a function of waiting
time. For the purposes of presentation, a cubic spline interpolation connects the data
points that were acquired in 10 fs increments. For (a)-(c), amplitude increases from
purple (negative) to white (positive).
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onal arise from excited state absorption (ESA) to the large manifold of two-exciton
states. The corresponding nonrephasing 2D spectrum in Fig. 4.2b has characteris-
tic “phase-twisted” lineshapes?®®? and comparatively enhanced cross peaks as the
strong, stationary signal along the diagonal from rephasing pathways has been re-
moved. While the nonrephasing lineshape has been shown to increase resolution along
the diagonal,® it is clear in Fig. 4.2b that this enhancement alone is not sufficient to
isolate the 14 individual contributions to the diagonal signal.
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Figure 4.3: The real parts of selected 2D nonrephasing spectra of LHCII are shown
for waiting times between T = 0 fs and 7" = 500 fs to illustrate quantum beating
of the diagonal features. The high energy Chla peak (white arrows) can be seen in
different stages of oscillations throughout the duration of the experiment. All spectra
are shown normalized to their maximum value.

To resolve the oscillations in spectral amplitude arising from electronic coherences
in LHCII, spectra were collected for waiting times from 0 to 500 fs in 10 fs steps.
Selected nonrephasing 2D spectra are shown in Fig. 4.3 where the relative amplitudes
of the diagonal features visibly oscillate, indicative of coherence quantum beating.
Figure 4.2¢ shows the amplitude along the diagonal of the nonrephasing 2D spectra
as a function of waiting time, where the exciton energy axis denotes the diagonal
frequency in the 2D spectra. Quantum beating is clearly observed in both Chla and
Chlb regions. As seen in other photosynthetic complexes,® the coherence is long-lived
in LHCIT with the quantum beating lasting beyond the 500 fs scan of the experiment
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and beyond the lifetimes of many excitons in the system,” suggesting this to be a
general phenomenon. This result supports the speculation that evolution has de-
signed these complexes to preserve coherence; a feat likely achieved through strongly
correlated protein environments. 358687 Recent studies suggest that such long-lived

coherence is instrumental in facilitating extremely efficient energy transfer. 8217980
900 (- ==
" 800 >% ‘ GG (\/«/2«:/:: C‘;‘g A
(& - = P =
700 S 2N BYPIR s ﬁ\?P(‘ % :Gﬁg
600 } : N DRI —

500

400

Beat frequency (cm™)

300

200

Beat frequency (cm™)

Beat frequency (cm™)

14,600 14,800 15,000 15,200 5,400 15,600
Exciton energy (cm")

Figure 4.4: Power spectra of quantum beating in LHCII constructed from experimen-
tal 2D data (a) and theoretical simulations from the new model (b) and the model
in ref. 75 (c) as described in the text. The beat frequency axis begins at 50 cm™
to remove the strong DC component and contours are placed at 5% intervals. The
boxes indicate the regions examined in detail in Fig. 4.5.

Figure 4.4a shows the LHCII coherence power spectrum obtained by Fourier trans-
forming the diagonal amplitude of nonrephasing 2D spectra (Fig. 4.2¢) along the
waiting time axis. Clearly, the peaks in the power spectrum align vertically, indicat-
ing locations of the exciton levels. Figure 4.5a shows an expanded view of the Chla
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region denoted by the box in Fig. 4.4a. The circled peak with an exciton energy
of 14,800 cm™! and a beat frequency of 150 cm™! has a distinct low energy wing
(arrow) that indicates the position of an exciton with slightly lower energy causing
a slightly lower beat frequency peak. This feature illustrates how this experimen-
tal technique can utilize individual beat frequency patterns to separate energetically
similar excitons. Furthermore, as the beat frequencies of the coherences experience
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300 f-tH-{(E
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Beat frequency (cm™)

100 -: N

15,000 15,100

Exciton energy (cm'1)

Figure 4.5: The boxed Chla regions of the power spectra in Fig. 4.4. The circled peak
and arrow highlight features discussed in the text.
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relatively weak bath effects, simulation of the power spectrum presents us with the
unique opportunity to directly access the system’s electronic Hamiltonian. Our initial
comparison with the experimental data was done with the coherence power spectrum
calculated from the Hamiltonian developed for an LHCII trimer by Novoderezhkin et
al.”™ The comparison is shown in Table 4.1 and graphically Figs. 4.4 and 4.5 where
(a) are the experimental spectra and (¢) are the spectra generated from the previously
published Hamiltonian.”™ While there is considerable qualitative agreement between
experiment and the model, there were significant differences in exciton position and
peak amplitude. Therefore, we developed a new model based on couplings calculated
by Frahmcke and Walla® and site energies that were adjusted to give better agree-
ment with the data. Figure 4.4b displays the coherence power spectrum calculated
by our new model; it is important to note that because Chlb — Chla relaxation
effects® are not included, features arising from coherences involving primarily Chlb
excitations appear artificially stronger in the simulations. Figure 4.5b zooms in on the
Chla region for a detailed comparison to experiment, in which it can be seen that all
of the features’ positions and amplitudes are well reproduced. Clearly, simulation of
the coherence power spectrum provides a stringent test for models of pigment-protein
complexes, enabling better refinement of theoretical models.

Analysis of the entire experimental power spectrum yields the exciton energies in
Table 4.1. Excitons 9 and 10 have very low oscillator strength in the experimental

exciton | experimental energy (cm~1)¢ | theoretical energy (cm—1)°
1 14700 14699
2 14770 14751
3 14810 14804
4 14880 14858
5) 14910 14918
6 14990 14952
7 15030 14992
8 15130 15022
9 15210 15210
10 15290 15306
11 15360 15363
12 15430 15416
13 15480 15456
14 15510 15512

“Present work. Exciton energies over 30 cm~' higher than
theoretical predictions are highlighted in boldface. *From ref. 75.

Table 4.1: Exciton energies determined from the 2D electronic spectroscopy experi-
ment compared with those calculated from previous models
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data and their positions were largely determined from several mirror peaks. This is
consistent with previous modeling efforts in which excitons on the red edge of the Chlb
band have been predicted to be “dark”.”™ The most striking difference in Table 4.1
between the experiment and previous model is the higher energy positions of excitons
6-8, the three highest energy excitons in the Chla region. Of specific interest is the
location of exciton 8 shown by the peak at an exciton energy of 15,130 cm™! and a
beat frequency of ~400 cm™! in the experimental power spectrum (Fig. 4.4a); this
same region in the simulated spectrum from the Novoderezhkin et al.” (Fig. 4.4c)
is devoid of any features. Exciton 8 is thus located in the intermediate region of
the spectrum where none had been predicted previously, yet almost exactly at the
position of a weak shoulder on the blue edge of the Chla linear absorption. This may
explain why unique dynamics are observed in LHCII when pumping at this energy.®

The experimentally-determined LHCII exciton energies reveal a reduction of the
energetic gap between the Chlb and Chla bands compared to previous assignments,
resulting in a more evenly spaced energetic surface. This suggests that spacing be-
tween energy levels in LHCII may be tuned to match phonon frequencies of the
surrounding proteins to optimize the efficiency of energy transfer since it is these
vibrational modes that dissipate excess energy during exciton relaxation. The en-
ergy gap between Chlb and Chla bands in LHCII was previously predicted™ to be
approximately 190 cm™!, while studies of chlorophyll-protein complexes found that
few protein vibrational modes in that region are strongly coupled to the chlorophylls’
Q, excited states.” The rate of energy transfer between Chlb and Chla bands, how-
ever, has previously been observed to occur on a sub-picosecond timescale with an
extremely rapid 150-300 fs component.®® While multivibrational quanta transitions
are expected to play a large role in the slower interband relaxation rates, ! this fastest
rate is likely dominated by single quantum transitions requiring a smaller energetic
gap. The density of vibrational modes near 100 cm™?, closer to the energetic gap
found in this study, is more than twice as large as that for 190 cm™!,%° thereby fa-
cilitating Chlb to Chla energy transfer. The reduced spacing between Chla/b bands
revealed in this work could therefore explain the most rapid interband energy transfer
in the LHCII.

4.4 Conclusions

Two significant applications of the coherence power spectrum technique described
here seem apparent. There is substantial evidence that photosynthetic complexes
change their structural conformation, and hence their energy landscape, in vivo to
create dramatic changes in their function; for example, allowing the same complex
to transfer excitation efficiently in low light conditions and to dissipate excess energy
in high light. %92 Application of this technique to structurally similar photosynthetic
complexes that exhibit switchable functions, such as the photosystem II minor com-



Chapter 4: Excitonic Coherence in LHCII 39

plexes, "2 should provide insight into how nature has achieved this adaptive versa-

tility. Second, the technique described here represents a significant step towards the
determination of the full density matrix of molecular complexes, i.e. quantum state
tomography.?? Each of the peaks in Fig. 4.4a corresponds directly to an individual off-
diagonal element in the system’s density matrix weighted by the appropriate dipole
factors. If the dipole factors are known, such plots could be used to experimentally
evaluate, for example, entanglement witnesses and determine the role of non-local
behavior in photosynthetic light-harvesting.
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Chapter 5

Vibrationally-Mediated Dynamics
in $-carotene Probed with
Broadband 2D Electronic

Spectroscopy

5.1 Introduction

Despite the ubiquitous presence of carotenoids in natural systems, and almost
four decades of research, the electronic structure of these polyenes is still intensely
debated.!43* The ultrafast internal conversion from the optically bright S, state to
the lower energy, optically ‘dark’ (i.e., the transition is not allowed in one-photon
absorption from Sy) state, Sy, is proposed to be mediated by a conical intersection. %*
However, controversy surrounds the existence and role of other dark states lying
energetically intermediate to Sy and S;.333% The unique ability of two-dimensional
(2D) spectroscopy to resolve emission as a function of excitation wavelength makes
it an ideal tool to study carotenoids such as f-carotene.

5.2 Methods

The theory and apparatus for 2D F'T electronic spectroscopy have been described
in detail elsewhere.?* Briefly, a non-collinear optical parametric amplifier (NOPA),
pumped by 800 nm pulses from a Ti:sapphire oscillator /regenerative amplifier system,
produces the broadband laser spectrum given by the green trace in Fig. 2.2. The
pulses are subsequently compressed via the adaptive, diffraction-based SLM pulse
shaper® described in Chapter 2 before being split into three successive pulses that
are focused onto the sample in a box geometry. The signal that emerges in the
desired phase-matched direction is spectrally-resolved and heterodyne-detected. The
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time delay between pulses 1 and 2, the coherence time (1), is varied for each waiting
time (7), the time between pulses 2 and 3. The resulting interferograms for a given T
are Fourier-transformed along the T axis to produce the final 2D spectrum. This 2D
relaxation spectrum is composed of free-induction decay (nonrephasing) and photon-
echo (rephasing) signals. Spectra were collected for T = 0, 10, 20, 30, 40, 50, 60, 70,
80, 90, 100, 110, 120, 130, 140, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400,
425, 450, 475, 500, 550, 600, 650, 700, 750, 800, 1000, 2000, 3000, 4000, 5000, 7500,
10000, and 20000 fs.

The 12 fs pulses used in this experiment were centered at 550 nm with a FWHM
of 70 nm to excite the lowest energy Sy—S, transition of [-carotene and monitor
the S;—S,, excited state absorption (ESA). All experiments were performed at 77
K to narrow the spectral features allowing overlapping signals to be separated. The
cryogenic temperature also reduces the heterogeneous distribution of isomers that
have been implicated in the presence of different kinetics for intermediate electronic
states.”” While 2D electronic experiments have been performed previously on j3-
carotene,” the resolution afforded by the low temperature and increased spectral
bandwidth in the current study allow the electronic character of this important sys-
tem to be examined in unprecedented detail.

5.3 Results and Discussion

While analysis of these results is ongoing, initial observations have already revealed
several features that have no experimental precedent and deviate from what is known
or expected for these systems and electronic 2D spectroscopy. For the first time we
are able to resolve cross peaks as early as T=20 fs as well as uncharacteristic and
dynamic lineshapes. To explore the origins of these features, we begin by discussing
the long time dynamics, where we define “long time” as occurring after the S, lifetime.

5.3.1 Long Time Dynamics

Figure 5.1a shows the real part of the 2D relaxation spectrum for -carotene in 2-
methyltetrahydrofuran (2-mTHF) at 7'=325 fs. The positive peak on the diagonal is
the remaining Sg—Ss bleach following the excitation of So. The S;—S,, ESA at ~575
nm appears as the strong negative peak below the diagonal after internal conversion
from Sy. Between these two expected peaks, multiple features are present. Negative
signals in this energetically intermediate region have been previously observed in
transient absorption studies and assigned to either a hot ground, Sy,°” or new excited
state, S*.9%% From the 2D spectra, however, it appears that multiple transitions
give rise to signals in this region with both positive and negative contributions. For
the transition nearest in energy to the S; ESA, highlighted by the boxed region in
Fig. 5.1a, this is especially apparent in the rephasing contribution to the 2D signal as
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shown in Fig. 5.1b. Here the transition displays the diagonal lineshape characteristic
of rephasing signals, but has a phase shift across the peak similar to a dispersive
signal as opposed to a purely positive or negative peak expected for real, absorptive
2D spectra.? Although “absorptive” and “dispersive” are no longer strictly correct
when discussing features of the rephasing and nonrephasing portions of the 2D signal
separately, we will continue to use these terms to describe the characteristic lineshapes
associated with them.

600 575 550 525 600 575 550 525 500 600 575 550 525

At (nm) At (nm) At (nm)

Figure 5.1: Representative real 2D (a) relaxation, (b) rephasing, and (¢) nonrephasing
spectra for S-carotene in 2-mTHF at long times (7'=325 fs). The feature in the boxed
region exhibits a lineshape characteristic of coupling to a high energy vibrational
mode. The black arrow points to a cross peak near the diagonal that arises from the
nonrephasing signal. Amplitude increases from purple (negative) through blue (zero)
to white (positive).

200 300 400 500 600 700
Waiting Time (fs)

Figure 5.2: Cuts of the real 2D rephasing spectra for A\{=>555 nm showing the oscil-
lating phase of the lineshape of the transition in the boxed region in Fig. 5.1.
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A dispersive lineshape for a real, rephasing cross peak such as in Fig. 5.1b has been
observed in recent theoretical work and is indicative of coupling between the electronic
transition and a high energy vibrational mode.?"?® In addition, the modeling efforts
go on to predict that the phase of the peak can oscillate as a function of 7.2728 To
investigate this dynamic behavior, a cut of the rephasing 2D spectrum for A\;{=555 nm
is plotted as a function of 7' in Fig. 5.2 and the phase oscillation of the lineshape is
evident. It is important to note that dynamics resulting from fast vibrational modes
are highly dependent on the laser spectrum,?” and as such, the resolution of this
characteristic lineshape is only possible with an ultrabroadband spectrum such as
that used in this experiment.

At this point we are unable to assign this vibrational coherence to existing on
the Sg or S; surface unambiguously. While the theoretical efforts model two-level
systems making them more analogous to a coherence on the ground state, they predict
this behavior in the presence of multiple diagonal peaks?™?® not observed in our
data. Furthermore, the fact that the dispersive nature of the lineshape becomes
apparent on a timescale associated with the S, lifetime suggests decay from this state
is necessary before the coherence is observable. For the vibrational coherence to exist
on the S; surface, the wavepacket would have to survive the decay from S, which
would require coupling between these surfaces and a corresponding curve crossing
consistent with the ultrafast relaxation. Transient grating experiments by Sugisaki
et al. have indicated, however, that any vibronic coherence present on the Sy surface
after excitation decays almost instantaneously.® These findings were supported by
quantum control experiments. 10!

While the feature attributed to vibrational coherence is only present in rephasing
spectra, there are also nonrephasing signals in this intermediate region at long times.
The black arrow in Fig. 5.1c¢ points to a cross peak just below the diagonal that is
only evident in the nonrephasing spectrum. Like the rephasing cross peak, it exhibits
a dispersive lineshape; however, the lineshape of this feature is not observed to change
as a function of 7. The origin of this peak is still under investigation, but it may be
related to a positive signal in this region observed at short times as discussed in the
next section.

5.3.2 Short Time Dynamics

The 12 fs time resolution of our experiment allows the early dynamics in S-carotene
to be followed as the excitation propagates along the S, surface. The relaxation,
rephasing, and nonrephasing 2D spectra for [-carotene in 2-mTHF at 7T=20, 30,
and 40 fs are given in Fig. 5.3. In the rephasing signal for short times, there is a
strong cross peak apparent by T=20 fs, the first waiting time collected outside of
pulse overlap. Integration of this area of the 2D spectra, as indicated by the box in
Fig. 5.3, as a function of waiting time reveals beating only in the rephasing signal with
a period of ~20 fs during the Sy lifetime (Fig. 5.4). Assignment of this peak remains
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Figure 5.3: Representative spectra of the short time dynamics observed for (left)
relaxation, (middle) rephasing, and (right) nonrephasing signals from f-carotene in
2-mTHF. The white and black arrows highlight nonrephasing features discussed in
the text while the dynamics in the boxed region are presented in Fig. 5.4.

elusive. Given its appearance in only rephasing pathways at short times (compare the
top panels in Fig. 5.3) requires a signal arising from a coherence during the waiting
time.?% An electronic coherence would require excitation of the second pulse to a
different electronic state than S,; however, the lack of a corresponding diagonal peak
at the emission energy makes this unlikely. Ostroumov et al. assigned quantum beats
they observed in transient absorption studies of S-carotene to an electronic coherence
between Sy and an electronic dark state with symmetry 1B, .19 The existence of this
state is still debated.3* Assignment of this cross peak to a vibrational coherence also
reveals inconsistencies when compared with theoretical predictions. The off-diagonal
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Figure 5.4: Integrated regions of 2D spectra indicated by the box in Fig. 5.3 showing
clear beating in the amplitude of the rephasing cross peak.

position of this cross peak suggests coupling to a vibrational mode of ~1000 cm™!.

As discussed in the previous section, theoretical models suggest such beating should
be accompanied by changes in the lineshape,?” which are not experimentally observed
for this feature.

Two cross peaks below the diagonal are observed in the nonrephasing spectra
at short times. The first is a positive peak the grows in just below the diagonal
highlighted by the black arrow in Fig. 5.3. This feature is in a similar position to the
nonrephasing cross peak observed at long times (black arrow in Fig. 5.1), however,
the lineshape is different appearing absorptive at short times and dispersive at long
times. Unlike the rephasing peak, this change in lineshape is not seen to oscillate.

The second nonrephasing cross peak at short times (white arrow in Fig. 5.3)
appears in a similar position to the short time rephasing cross peak, but differences
in the dynamics and lineshape suggest a different origin. Unlike the rephasing peak,
the nonrephasing feature is not clearly above the noise until 7' = 40 fs. In addition,
it displays a dispersive lineshape and shows no significant oscillation in amplitude or
lineshape as a function of 7. Looking at the imaginary part of this signal (Fig. 5.5),
provides more clarity on the dynamics. Here it can be seen that at short times, the
signal in the region is associated with a single negative feature. This means that
the signal observed in the real portion is associated with a single peak displaying
a dispersive lineshape as opposed to two absorptive features of opposite sign. By
T=300 fs, this feature can be seen to slightly redshift in energy along the \; axis as its
lineshape in the imaginary part of the signal has changed from absorptive to dispersive
suggesting a change of phase arising from the material during the waiting time. There
have been two independent theoretical treatments that have shown vibronic states
giving rise to such changes in the material phase and hence the resulting lineshape; 27?8
however this behavior is seen as oscillation of the lineshape as shown in the previous
section, not as the seemingly irreversible lineshape change observed here.

One possible source of an irreversible change in the phase of the material is geo-
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Figure 5.5: Representative imaginary, nonrephasing 2D spectra. The white and black
arrows are in the same location as those in Fig. 5.3 and highlight the irreversible
change in lineshape observed for both features.

metric phase.% Geometric phase may be acquired by a wavefunction as it circles a
region that contains a conical intersection, a point of degeneracy between two elec-
tronic surfaces at which the Born-Oppenheimer approximation ceases to be valid.
While the S;—S; relaxation has been proposed to involve a conical intersection, its
position and the related energetic barrier relative to the Sy and S; minima remains
unknown.?* Previous photon echo studies of carotenoids have suggested the Sy—S;
relaxation passes through a conical intersection!®* while more recent 2D experiments
on (-carotene have been modeled assuming any conical intersection between the S,
and S; surfaces is far from the region influencing the dynamics.?® In an alternative
view, So and S; could be two minima on the same surface separated by a conical
intersection with a higher lying surface. Relaxation from S; to S; would therefore
acquire geometric phase as the wavepacket propagated around the intersection. In
addition, the topography of the surface imposed by the presence of a conical intersec-
tion could steer the wavepacket based on its initial trajectory. This could explain the
different photoproducts observed when exciting S, with excess energy. %1% While no
simulations have currently been done to directly show the effects of geometric phase
on 2D spectra, the possibility is exciting and relevant for carotenoid systems.

Another explanation for the irreversible conversion from an absorptive lineshape
to one of dispersive character, or vice versa, is that a peak with a dispersive lineshape
grows in at later times overlapping the absorptive signal. The unequal weighting
between positive and negative sides of the features suggests this may describe the
observed behavior. From this perspective, the question of how a peak with a purely
absorptive lineshape at all waiting times can appear in the imaginary part of a 2D
spectrum (or a dispersive feature in the real part) remains unanswered. A more
quantitative analysis of the kinetics is currently underway.
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5.4 Conclusions

Two-dimensional electronic spectroscopy reveals multiple features energetically
intermediate to the Sq—Ss and S;—S,, transitions in [(-carotene. The presence of
signals with opposing phases in this region may explain the controversial assignments
in the literature and suggests that dynamics here are more complex than expected
from a single transition. Signals apparent at short times may arise from electronic
coherences with “dark” states, while a feature at long times exhibits characteristics
of coupling to high energy vibrational modes only observable with an ultrabroadband
laser spectrum, such as used here. The origin of several of these features is still
under investigation, but the dynamic nature of their lineshapes has not been experi-
mentally observed previously, promising new insights into the energetic pathways in
carotenoids.
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